Objective: Protective effects of ischemic postconditioning (PostC) decrease/disappear with age and chronic heart diseases. Similarly, low serum melatonin levels have been reported in the same risk groups. The aims of this study were to investigate the effects of melatonin on the protection of PostC in ischemia-reperfusion (I/R)-induced infarct size and roles of uncoupling protein (UCP) 3, irisin, and nuclear factor kappa B (NFkB) levels. Methods: Rats were pinealectomized (Px) or sham operated (non-Px) 2 months before the I/R studies. The left main coronary artery was occluded for 30 min followed by 120 min reperfusion. PostC was induced with three cycles of R/I (10 s each) after ischemia. Results: The infarct size was found to be significantly higher in Px rats (54.68±1.5%) than in the control group (35.1±2.5%). PostC and melatonin administrations to non-Px rats significantly reduced the infarct size. On the other hand, PostC did not create a significant effect in Px rats, but protection was provided when PostC was co-administrated with melatonin. While significant decreases were detected in the UCP3 levels, irisin and NFkB levels increased with I/R and Px. Treatment with PostC and melatonin in non-Px groups and their co-administration in Px groups were found to return all the genes close to normal levels. Conclusion: The physiological and pharmacological concentrations of melatonin may play a role in the protection of PostC. In cases when physiological melatonin is reduced, such as aging and heart diseases, this protection may decrease, and this effect may be restored by melatonin replacement. PostC and melatonin may regulate energy metabolism and inflammatory mediators and protect mitochondria by affecting the ABSTRACT Aslan et al. Melatonin and postconditioning in I/R injury Anatol
Introduction
Ischemia-reperfusion (I/R) injury is the essential segment of myocardial infarction (MI), cerebral ischemia, stroke, hemorrhagic shock, and surgical interventions such as organ transplantation, coronary angioplasty, and the pathophysiology resulting from thrombolytic treatment (1) . Although the blood flow is restored with rapid interventions and thrombolytic therapies, these treatment protocols are often inefficient (2) . Ischemic preconditioning (PreC) and postconditioning (PostC) are considered to be the strongest mechanisms that restrict the size of MI and reduce I/R injury (3) . The clinical administration of cardioprotection stimulated by PreC is limited by the unpredictable development of acute coronary syndromes. Therefore, PostC has drawn more attention in surgery (4) .
The first use of PostC by applying three cycles of 30 s I/R following coronary artery occlusion in dogs lead to reduction in infarct size (5) . It was reported that the protective effects of PostC decreased or disappeared with age, hypercholesterolemia, diabetes, obesity, and cardiac pathologies such as hypertension and left ventricular hypertrophy, which are associated with acute MI (6, 7) .
Pharmacological PostC trials are available in addition to the mechanically applied ischemic PostC studies. Butorphanolinduced pharmacologic PostC showed protective effects by reducing the I/R-related infarct size and MDA and MPO levels (8) .
Melatonin, an important endogenous antioxidant, acts as a potent free-radical scavenger (9) . It has a strong therapeutic potential and various physiological functions in cardiovascular diseases in animals and humans (10) . Protective effects of PostC decrease/disappear with age and chronic heart disease (11) . Similarly, low serum melatonin levels were reported in the same risk groups (12) .
The mechanisms of melatonin action on PostC and effects of uncoupling protein 3 (UCP3), irisin, and nuclear factor kappa B (NFkB) levels on the protection of melatonin and PostC in myocardial I/R injury are unknown. In this study, it was aimed: • To show the level of impact of potential PostC protective roles on the infarct size when physiological melatonin is decreased through pinealectomy (Px) and melatonin administration, • To determine whether the activities of mitochondrial membrane protein UCP3 and levels of irisin, which plays a regulatory role in energy metabolism, and levels of NFkB, which plays a central role in the inflammatory cellular stress and is involved in the regulation of mitochondrial dynamics, play a role in PostC; and also to show how these are affected by physiological and pharmacological melatonin concentrations, • To determine whether melatonin could mimic the effects of PostC by comparing the effects of melatonin administrations on the infarct size and molecular mechanism.
Methods

Experimental groups
Eight-week-old male Sprague-Dawley rats weighing 200 g were placed in a quiet and temperature-(21±2°C) and humidity-(60±5%) controlled room in which a 12-12 h light-dark cycle was maintained. Rats were divided into eight groups. Those were the control group, I/R group, I/R-PostC group, I/R-Mel group in non-Px groups and Px group, Px-I/R group, Px-PostC group, and Px-Mel-PostC group (Fig. 1 ). Melatonin was dissolved in ethanol and further diluted in saline (0.09% NaCl wt/vol). Melatonin (Sigma Chemical Company, St. Louis, MO, USA) was dissolved in pure ethanol at a dose of 10 mg/kg with a final concentration at 1%, and it was administered by intraperitoneally injection for 10 days before I/R experiments. Myocardial tissue UCP3, irisin, and NFkB levels were measured in 7 animals for each group. In-farct size was also analyzed in the same number of rats for each group. All the experiments in this study were performed in accordance with the guidelines for animal research of the National Institutes of Health and were approved by the Local Committee on Animal Research (2014/ .
The number to be included in the sample size was determined by power analysis that suggested at least 7 individuals with an alpha error of 0.05 and a beta error of 0.20 (power=0.80) should be included.
Surgical applications Pinealectomy
Px was performed as described by Hoffman and Reiter (13) . Rats were anesthetized with ketamine hydrochloride (75 mg/kg) and xylazine (8 mg/kg) before the operation. The entire procedure was completed within 15 min. Px was confirmed by the histological evaluation of the gland for each animal.
I/R procedure Two months after Px, rats were anesthetized with urethane (1.2-1.4 g/kg) administered intraperitoneally. The trachea was cannulated for artificial respiration. Systemic blood pressure (BP) and electrocardiogram (ECG) were monitored from the carotid artery by a Biopac MP36. The chest was opened by a left thoracotomy, followed by sectioning the fourth and fifth ribs, about 2 mm to the left of the sternum. Positive-pressure artificial respiration was started immediately with room air, using a volume of 1.5 mL/100 g body weight at a rate 60 beats/min to maintain normal pCO 2 , pO 2 , and pH parameters. After the pericardium was incised, the heart was exteriorized by gentle pressure on the right side of the rib cage. A 6/0 silk suture attached to a 10 mm micro-point reverse-cutting needle was quickly placed under the left main coronary artery. The heart was then carefully replaced in the chest, and the animal was allowed to recover for 20 min. Any animal in which this procedure produced arrhythmias or a sustained decrease in the mean arterial BP to less than 70 mm Hg was discarded. A small plastic snare was threaded through the ligature and placed in contact with the heart. The artery could then be occluded by applying tension to the ligature, and reperfusion was achieved by releasing the tension. The artery was occluded for 30 min and then reperfused for 120 min before the experiment was terminated. These durations of I/R were already successfully used in the same experimental model (14) . The ECG changes and heart rate were measured before and during the occlusion and reperfusion. In the rats assigned to PostC, after 30 min of ischemia, the artery kept open for 10 s until reoccluded and then reperfused for 10 s. I/R was repeated in three cycles with 10 s intervals (15) . Total experimental time was 150 min in all groups and at the end of the experiment, animals were sacrificed, and the heart tissue was taken for biochemical analysis and risk zone measurement. At the end of each in vivo study, the heart was mounted on a Langendorff apparatus where it was flushed with saline at room temperature for 60 s. The coronary branch was then reoccluded, and 2% Evans blue suspension (Alfa Aesar, Ward Hill) were infused into the perfusate to mark the risk zone (the nonpaint tissue). The heart was then frozen, and a total of 4 transverse slices, 2 mm in size, from each heart, were cut starting from the apex. For the evaluation of tissue death, the slices were incubated in 1% triphenyl tetrazolium chloride (TTC) in a pH 7.4 buffer at 37°C for 20 min. TTC stains from living tissue are of a deep-red color, while necrotic tissue is TTC-negative and appears tan (Fig. 2) . The infarct and risk zone, considered to be the area lacking fluorescence under ultraviolet light, were traced. The volume of the infarct and the risk zone was determined by the ImageJ program. The infarct size expressed as the percentage of the risk zone was measured as previously described (14) .
Quantitative real-time polymerase chain reaction analysis (qRT-PCR)
Total RNA was extracted from the heart using a commercially available Trizol Reagent (Life Technologies, catalog no. 15596) according to the manufacturer's instructions. Briefly, 50 mg of heart tissue was removed from the freezer and immediately immersed in 1 mL of Trizol Reagent. The heart was homogenized using an automated homogenizer (Next Advance, Averill Park, USA). To carry out the PCR array, total RNA from heart samples in each experimental group was pooled (3 μg total). cDNA from pools was synthesized using High-Capacity RNA-to-cDNA kit (Invitrogen, Carlsbad, USA).
Total RNA was converted to cDNA using High-Capacity cDNA Reverse Transcription Synthesis Kits (Applied Biosystem, USA) using 1 μg of total RNA. The cDNA synthesis was performed in a gradient thermal cycler (Biometra, Germany 07-850) with a profile of 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min, 4°C for 60 min. All samples were run together, and several negative controls that did not contain either RNA (no template controls) or the reverse transcriptase enzyme (RT negative) were run simultaneously, to control for RNA and genomic DNA contamination, respectively. A Real-Time PCR analysis was performed with the ABI Prism 7500 Fast Real-Time PCR Instrument (Applied Biosystems, Foster City, CA) using UCP 3, irisin, NFkB and GAPDH genes Tag Man Assay and Tag Man Master Mix (Applied Biosystems, Foster City, CA 94404). All results were standardized to the levels of GAPDH. The assay was performed by three independent experiments with triplicate. To compare the transcript levels between different groups, the 2-ΔΔCt method was used (16) .
Western blot analysis
Frozen heart tissues from the left ventricle were weighed and added to the RIPA lysis buffer (1;9,w;v) (Santa Cruz Biotechnology Inc., USA) with a cocktail protease inhibitor. Then, this mixture was homogenized with an automatic tissue homogenizer (Next Advanced Inc., Averill Park, NY, USA). Homogenized samples were centrifuged at 10.000xg for 10 min to obtain the supernatant and then recentrifuged to form a clear lysate, and all proce-dures were carried out at +4°C according to the manufacturer's instruction. Subsequently, sample pools were formed for each group from these obtained clear lysates. The amount of protein in each sample was determined with a fluorometer (Qubit fluorometer, Invitrogen, USA) using a Quant-iT protein assay kit (Invitrogen, USA). Thirty micrograms of the total protein from each sample pool were loaded on gels (NuPAGE 4%-12% Bis-Tris Protein Gel; Invitrogen, USA) for electrophoresis, transferred to a PVDF membrane, and probed with rabbit polyclonal antibody against NFκB-p105 (cat no: ARG20501, Arigo Biolaboratories, Taiwan, China, at 1:125-1:1000 dilution), rabbit monoclonal antibody against irisin 20-30 kD (FNDC5, cat no: ab174833, Abcam, USA, at 1:1000-1:5000 dilution), and probed with rabbit polyclonal antibody against UCP3-30-40 kD (cat no: 10750-1-AP, Proteintech, USA, at 1:1000-1:5000 dilution). Probed with mouse monoclonal antibody against β-Actin was used as the reference protein (cat no: MA1115, Boster Biological Technology, USA, at 1:200-1:400 dilution). The blot was incubated with horseradish peroxidaseconjugated secondary antibody, and the protein bands were visualized by chromogenic substrates using the WesternBreeze Chromogenic Immunodetection Kit (Invitrogen, USA). Protein expression levels were assessed using the Image J software, which is used to compare the density of bands on western blots.
Statistical analysis
Data are expressed as arithmetic means±SEM; a p-value <0.05 was considered to be statistically significant. Normality of the distribution within the groups was evaluated using the Shapiro-Wilk test. Raw data for each experiment satisfied the assumptions of normality and homogeneity of variance, and parametric analyses (one-way independent measure ANOVAs and t-tests) were performed, along with Tukey's HSD post-hoc test, where appropriate. Conversely, nonparametric alternatives (Kruskal-Wallis, with subsequent Mann-Whitney U or Dunnett's T3 where indicated) were used when assumptions were violated. The t-test was used to evaluate the differences between the normalized relative quantities of genes.
Results
There was no significant difference in BP values (mm Hg) between the groups at the beginning and throughout the experiment (Table 1) .
PostC and melatonin-reduced I/R injury in cardiac tissue
In non-Px rats, I/R-induced myocardial infarct size was significantly decreased with PostC and melatonin (from 35.1±2.5% to 28.43±1.1% and 26.03±1.0%, respectively) (p<0.05). The reduction in the two treatment groups was not significant when compared to each other. On the other hand, the infarct size was significantly increased in Px rats (54.68±1.5%) in comparison to non-Px rats. In Px rats, PostC decreased the infarct size, but this decrease was not significant (48.9±1.2%) (p>0.05). A significant preservation was observed with pre-PostC melatonin administration (33.46±1.5%) (p<0.05) ( Fig. 3 ).
PostC and melatonin regulated energy metabolism and protect mitochondria by affecting UCP3 and irisin levels
We hypothesized that UCP3 is a protective molecule and that it mediates the protective effect of PostC and melatonin. We observed that UCP3 mRNA and protein expressions decreased with I/R (0.08±0.01, 0.48±0.01 times) and Px (0.35±0.17, 0.7±0.02 times, respectively) administrations when compared to the control (1±0.17, 1±0.06, respectively) and increased with PostC (0.28±0.02, 0.74±0.01 times, respectively) and melatonin (0.46±0.15, 0.97±0.07 times, respectively) administrations compared to the I/R group (Fig. 4, 5) . In Px groups, the UCP3 mRNA expression decreased with I/R (0.04±0.01, 0.71±0.05 times) significantly when compared with Px groups (0.35±0.17, 0.69±0.02 times) (p<0.05), but there was no significant change in protein expression. PostC (0.06±0.01, 0.61±0.01 times) did not create significant effect in UCP3 levels compared to Px+I/R groups (0.04±0.01, 0.7±0.06 times). Melatonin and PostC co-administration (0.07±0.02, 0.75±0.07 times) increased mRNA and protein expression compared to Px+I/R. Although the increases did not reach significance, there was more rise compared to the Px+PostC group.
Irisin mRNA and protein expressions increased with I/R (I/R: 1.2±0.09, 1.37±0.05; PX+I/R: 1.9±0.19, 1.45±0.09 times, respectively) and Px (1.92±0.22, 1.36±0.02 times) administration, but the increase in the Px group was significant when compared to control, only. However, irisin protein expressions increased by 37% in the I/R group compared to control group (Fig. 6, 7) . The levels decreased with PostC (0.19±0.02, 0.75±0.02; Px+PostC 0.18±0.07, 0.72±0.01 times) and melatonin (0.14±0.05, 0.61±0.01 times) when compared to I/R. The PostC treatment reduced the level of irisin significantly in Px groups. However, we saw further reduction when it was coadministered with melatonin in irisin mRNA protein expression (0.12±0.04, 0.74±0.06 times). These results confirmed that irisin has direct effects on the cardiac tissue and plays important roles in protection of PostC and melatonin treatments.
PostC and melatonin reduce inflammation by affecting the NFkB pathway
The NFkB level increased with I/R in both Px (compared to Px) and non-Px groups (when compared to control), and decreased with PostC and melatonin (when compared to I/R or Px+I/R) ( Fig. 8, 9 ). In the Px group, there was a greater decrease in the co-administration of PostC and melatonin when compared to Px+PostC group (the mRNA expressions-CON-TROL: 1±0. 26 
Discussion
In our study, the infarct size due to I/R decreased with PostC and melatonin significantly in non-Px rats. The infarct size that increased in Px rats significantly when compared to the con-trols tended to decrease with PostC; however, the difference was not significant. On the other hand, a significant protective effect was observed when melatonin was administered before PostC in Px rats.
The protective effects of melatonin in I/R were demonstrated in many studies (17) (18) (19) . It was also shown in the studies that melatonin reduces the I/R-related cardiac arrhythmias, the infarct size, and oxidative changes and that it increases survival (18) . The infarct size increased significantly with Px in the present study. Our previous study has shown that the infarct size was large in Px hearts when compared to the control group, and preservation of endogenous melatonin levels was found to have cardioprotective effects on the I/R injury (17) . In doxorubicininduced cardiotoxicity, melatonin treatment in both Px and non-Px rats significantly reduced MDA levels (19) . In our study, we performed pharmacological melatonin replacement in a 10 mg/ kg dose in rats that were deprived of physiological melatonin by Px. Liu et al. (20) compared single doses of 2.5, 5, and 10 mg/kg (intraperionally) melatonin and showed that 10 mg/kg melatonin could effectively protect myocardium without affecting other physiological functions in rats. Simko et al. (21) have reported that pretreatment with 10 mg/kg melatonin for 7 days provided cardioprotective effect in the isoproterenol-induced cardiac injury model. Şehirli et al. (22) with a similar I/R protocol have demonstrated that 10 mg/kg (intraperionally) melatonin for 4 weeks ameliorates ischemic heart failure in rats. In addition, in our previous study, it was shown that the infarct size increased in the Px group and decreased with melatonin supplementation in the Px+mel group (14) .
We observed that PostC significantly reduced the I/R-related infarct size in non-Px rats. PostC reduced the I/R injury by reducing the infarct size and improving the cardiac function in the rat model (23) . According to a clinical study, PostC has been applied in cardiopulmonary bypass surgery in children who had been operated for congenital malformations, and the troponin I and creatine kinase MB, and the requirement for post-operative inotropic drugs significantly decreased (24) .
We showed that the PostC protection disappeared with Px, and significant protection was observed again when melatonin and PostC were administered together. Similarly, ischemic PostC and sevoflurane PostC reduced the infarction by 50% in non-diabetic rats, but this effect completely disappeared in diabetic rats (25) . In another study, sevoflurane PostC significantly reduced the infarct size in young rats; however, the protection was not found to be significant in older rats (26) . Our results were consistent with our hypothesis. If melatonin replacement treatment is performed when physiological melatonin is decreased, the protective effect of PostC can be restored.
Excessive amounts of reactive oxygen species (ROS) caused by oxygenation of tissues together with reperfusion are the most important cause of I/R injury. One of the most important sources of cellular ROS is mitochondria and excessive ROS production is a major cause of mitochondrial dysfunction paradoxically. Mi- tochondria plays a critical role in oxidative stress, ion hemostasis, membrane potential modulation, and cell life (27) . UCP3 is a member of mitochondrial anion carrier proteins family. This gene facilitates the transfer of anions from inner to outer and protons from the outer to the inner in the mitochondrial membrane. It also reduces the mitochondrial membrane potential in mammalian cells. It is thought that the protein product of this gene protects mitochondria against lipid-induced oxidative stress (28) . In the present study, the UCP3 level significantly decreased with I/R. Similarly, UCP3 protein expressions significantly decreased with doxorubicin-induced heart failure (29) . We found that the UCP3 level significantly increased with melatonin and PostC administration in non-Px groups. In the Px groups, PostC and PostC+melatonin did not lead to a significant increase in the UCP3 level. To the best of our knowledge, there is no study investigating the effect of melatonin and PostC on the UCP3 levels. However, UCP3 plays a role in the cardioprotective effect of PreC (30) . It was reported that the UCP3 knockout mice had two times larger infarctions, and the protective effect of PreC disappeared in these rats (31) . Irisin, a myokine related to exercise and energy metabolism, plays a role in the regulation of mitochondrial thermogenesis and ischemic reactions in cardiomyocytes. The elevation of irisin in the tissue is associated with many pathologies such as MI, chronic kidney disease, and obesity (32) . In our study, the irisin levels increased with I/R in the non-Px group; however, this increase was not significant. It has been determined that the irisin level increased in doxorubicin-related MI (33) . Aronis et al. (34) showed that elevated irisin was associated with adverse cardiovascular events in coronary artery diseases developing after coronary intervention. We observed that the irisin increased to a higher level with Px when compared to the I/R injury. Similarly, Emanuele et al. (35) reported that the serum irisin was higher in the healthy elderly when compared to younger healthy and patients with acute MI. In the only study that investigated the effect of melatonin on the irisin level, the circulating irisin levels were not influenced by melatonin in both diabetic fat and lean rats (36) . In our study, PostC and pharmacological melatonin administration significantly reduced the irisin level, both in non-Px and Px rats. PostC following Px showed a protective effect on the irisin level, and this protection was more pronounced with the co-administration of PostC and melatonin. Irisin can lead to these effects that affect UCPs levels (37) , superoxide dismutase2 activity, and apoptosis in cardiomyocytes (38) , modulate neurons and control vagal tone (39) , or suppress the opening of mPTP (40) . In addition, irisin downregulates the expression receptor activators of NFkB (41) .
NFkB regulates the expression of proinflammatory cytokines and mitochondrial respiration (42) and is activated in response to oxidative stress (43) . However, the decrease in the ROS level helps to decrease the NFkB level indirectly and reduces inflammations, and mitochondrial integrity is maintained possibly (44) . In addition, it has been shown that the mTOR activity is limited by NFkB inhibition (45) and that autophagy-related genes induced by inhibition of NFkB interacting with mTOR may play a vital role in reducing myocardial I/R damage (46) . Pharmacological supression of the NFkB activity improves defects in mitochondrial respiratory function, reduces the loss of UCP3, and decreases the increase in ROS (47) . In addition, the NFkB pathway plays a role in the regulation of mitochondrial dynamics and the OPA1 expression (48) and is influenced by mitochondrial markers ANT and VDAC, contributing to enhanced oxidative stress caused by cardiac dysfunction in type II diabetes (49) . NFkB increased after hemorrhagic shock (50) , and the NFkB knockout mice reduced I/R injury sensitivity (51) . Similarly, while significant increases were detected in the NFkB mRNA level with I/R and Px, its level decreased with PostC and melatonin in non-Px groups. Tilstra et al. (52) showed that the NFkB transcriptional activity is increased in various tissues with aging and degenerative diseases associated with aging, and inhibition of NFkB delays the occurrence of agerelated symptoms and pathologies. It was shown that NFkBp50 and NFkBp52 were increased in the heart of old mice (53) . According to a study, melatonin reduces the upregulation of various proinflammatory cytokines, such as interleukins and TNFα, by preventing translocation of NFkB to the nucleus (54) . The NFkB levels also decreased with PostC and melatonin in the present study. This may be related to a decrease in the antioxidant and antiproliferative effect capacity because of a decreasing melatonin level with aging. In addition, the administration of a selective NFkB inhibitor attenuated cardioprotective effects of remote PreC and erythropoietin PreC (55) .
Volatile anesthetics showed a conditioning effect on the myocardium in cardiac surgery. In a meta-analysis, the use of volatile anesthetics resulted in a significant decrease in post-operative MI, and the in-hospital mortality incidence, and troponin levels, post-operative inotropic need, duration of intensive care unit stay, and duration of mechanic ventilation (3). In the non-Px group, both PostC and melatonin were observed to reduce the infarct size significantly and affect the biochemical values similarly. Although melatonin showed a better protection and no significant difference was observed between the two groups, melatonin may be an agent mimicking the effect of conditioning, such as of volatile anesthetics.
In the present study, non-Px group treatments aimed to protect the mitochondria and energy metabolism by increasing UCP3 and decreasing irisin mRNA and protein expressions. However, the treatments also reduced the level of ROS to protect the tissue from the destructive effects of oxidative stress. The decrease in the ROS level helped to reduce the NFkB level indirectly and reduced inflammations and mitochondrial integrity was possibly maintained. Non-Px groups represent healthy adults, and this grouping enabled us to compare the effects of melatonin and PostC. Thus, we wanted to examine whether melatonin could be a pharmacological conditioning agent.
The Px group symbolizes physiological conditions in which melatonin decreases, such as age, and the Px I/R group rep-resents the pathological conditions associated with melatonin reduction. By comparing the infarct size and biochemical parameters in Px groups, we can see that the protective effect of PostC disappeared when physiological melatonin decreased, and this effect was observed to reverse with melatonin replacement.
Conclusion
UCP3, irisin, and NFkB expression levels may play an important role in the cardioprotective effect of PostC and melatonin.
The protective effect of PostC disappeared when physiological melatonin decreased, and this effect was seen to reverse with melatonin replacement. It is suggested that cardioprotection may be provided through preserving the melatonin endogenous level by modifying the lifestyle, and melatonin replacement may be recommended in the presence of predisposing conditions for cardiac diseases in which the melatonin level decreases.
It is suggested that melatonin may be an agent that leads to pharmacological conditioning as melatonin and PostC are protective, showing similar rates and similar parameters.
